Spatial reasoning plays a critical role in STEM problem solving. Physics assessments, for example, are rich in diagrams and pictures, which help people understand concrete physical scenarios and abstract aspects of physical reasoning. In this paper we describe a system that analyzes sketched diagrams to solve qualitative physics problems from a popular physics textbook. Causal models describing each problem are formulated via visual and conceptual analyses of the sketched diagrams. We use a combination of qualitative and quantitative reasoning to solve vector addition, tension, and gravitation ranking problems in the introductory chapters of the book.
Introduction
In spatial domains like science, technology, engineering and mathematics (i.e. STEM fields), problem solving frequently requires a combination of spatial and conceptual reasoning. For this reason, spatial representations (e.g. diagrams and sketches) are pervasive in science instruction. Spatial representations act as tools of communication and, unlike photographs, may convey a mix of concrete and abstract, non-literal information [1] . Externalizing this information has the added benefit of lightening working memory load, making spatial inference easier, and promoting new ideas [2, 3] . Actively generating spatial representations through sketching has been shown to increase engagement and facilitate learning [4] . Taking advantage of these spatial representations requires considerable spatial skills. Indeed, data from over 50 years of psychological research indicate that spatial skills are a strong predictor of success in STEM fields [5] . The importance of spatial representations in physics problem solving is illustrated by the use of diagrams in assessment tools and the emphasis on drawing free-body diagrams in introductory physics courses. For example, in an analysis of advanced placement (AP) physics tests in the US, 48% of problems had diagrams and 58% of those (about 28% of the total) could not be solved without information provided by the diagram [6] . Diagrams are especially common in qualitative physics problems: two-thirds of the problems in the force concept inventory [7] involve diagrams. The presence of diagrams in the force concept inventory is important because qualitative physics problems have been shown to be a better probe for conceptual knowledge than quantitative problem solving.
The use of drawings and diagrams in science instruction presents a challenge to researchers interested in developing intelligent tutoring systems.
From a computational perspective, using spatial representations to solve problems requires domain-general spatial reasoning capabilities, domain-specific knowledge, and models for how to combine both types of information. This is especially important in the domain of conceptual physics, where problems need to be solved via spatial reasoning and often in the absence of numerical values. It is therefore important for the next generation of STEM tutoring systems to support spatial reasoning for solving both quantitative and qualitative problems.
This paper describes a system that solves conceptual physics ranking problems from a popular physics text book [8] . Each problem is represented with a sketch. The visual and conceptual information depicted in each sketch is used to formulate causal models about them. Our system uses qualitative reasoning over causal models and spatial reasoning over the sketches to make judgments about quantities even when the exact values of the quantities are unknown.
Background
This section describes the pre-existing systems and techniques that we use for understanding sketches and reasoning about physical systems. We use CogSketch to collect and analyze physics sketches. We use qualitative mechanics and qualitative process theory to formulate and reason about causal models of physical scenarios and we use differential qualitative analysis to determine ordinal relationships between quantities.
CogSketch
To capture the spatial and conceptual information of the diagrammatic problems, we use CogSketch [9] 1 , our domain-independent sketch understanding system. CogSketch provides an interface for sketching that automatically computes qualitative spatial and conceptual representations of sketches. CogSketch analyzes ink drawn by the user to generate topological relations (RCC8 [10]) and positional relations between objects (e.g. rightOf, above). Quantities from spatial computations (e.g. geometric distance) may be computed on demand. Ink may also be segmented into individual edges, which can be used to generate shape and edge level representations [11] .
